The ventricular conduction system of the dog was explored with a 50fj, extracellular electrode in an in vitro preparation with an intact right and left ventricular bundle branch system connected at the bundle of His. Two pacing electrodes at opposite ends of a functionally single strand produced collision of excitation waves with a distinctive extracellular wave form (uniphasic and positive instead of biphasic). The only changes in the intracellular potential associated with collision were a decrease in the time constant of the foot and an increase in the maximum rate of rise of the action potential, changes not uniquely produced by collisions. During pacing at one point, collisions were detected at many places throughout the conduction system. The peripheral Purkinje system consisted of fine strands forming a network of interconnecting swirls, each covering 2-25 mm 2 . Collisions were found in all swirls and their sites often shifted with a shift in the pacemaker site. Collisions also shifted in location between basic and premature beats which originated from a single point on the bundle of His.
• We first observed collision of excitation waves in the atrial muscle of the dog (1) . It was difficult, however, to produce artificial collisions reliably at a fixed location on a sheet of muscle because if the approaching excitation waves were not exactly parallel, excitation did not cease when the two waves met. We therefore decided to explore further the details of collision using smaller electrodes in a preparation in which collision was inevitable, namely, a one-dimensional strand which could be excited at both ends. In this paper, we will show that the phenomenon of collision of excitation waves in the ventricular conduction system of the dog is a common occur-rence and is easily observed using extracellular wave forms recorded at the cell membrane, but not with intracellular measurements. Collisions are shown to be useful indicators of change in the pattern of excitation in the Purkinje system.
Methods
To explore excitation in the ventricular conduction system, we wanted an in vitro preparation that would retain the entire ventricular conduction system intact for exploration but would permit simultaneous intracellular and extracellular recordings and photographic study of the detailed geometry of the interconnecting strands.
Dogs weighing 15-20 kg were anesthetized with pentobarbital (30 mg/kg iv), and the heart was rapidly removed and placed in a large tissue bath (5-cm depth, 15-cm diameter). The right ventricle was opened by an incision along the junction of the posterior septum and free wall; this location for the cut retained the extensions of the right bundle branch intact to distal areas. The left ventricle was opened by an incision from the aortic valve to the apex through the free wall at a Recording and calibration assembly for intraceUular action potential measurements. A: This assembly provided guarding of the microelectrode to within 3 mm of its tip. The insert shows the effect of connecting (1) and disconnecting (2) the microelectrode guard from the buffer. Note that the extracellular wave form (top of each insert) did not change. B: Measurement of the time constant of the guarded microelectrodes: (1) buffer guard connected to microelectrode shield and (2) disconnected. location between the anterior and posterior papillary muscles, keeping the left bundle branch system intact. Finally, the ventricular septum was split from apex to base leaving the bifurcation of the His bundle intact. The right and left ventricles were pinned to the floor of the bath, exposing the free wall and septal surface of both ventricles. When the free wall of either ventricle was paced, excitation propagated to the other ventricle, and measurements showed that this occurred via the bundle branch systems and their interconnection at the His bundle. Twelve preparations were studied.
The composition of the perfusate in HIM was: NaCl 128, KCL 4.69, MgSO 4 1.18, NaH 2 PO 4 0.41, NaHCO 8 20.1, CaCl 2 2.23, and dextrose 11.1. This solution was in equilibrium with 95% O 2 -5% CO 2 . To prevent formation of stagnant pockets in low areas between trabeculae, this solution was perfused across the preparation from three separate inputs; the important influence of stagnant pockets on conduction has been pointed out in a previous report (2) . The combined flow rate from all inputs was 110 ml/min with a total volume of 240 ml. The fluid level was maintained 6-10 mm above the ventricular surface. Heating units surrounding the bath were used to maintain temperature constant at 36 ± 0.3°C.
The extracellular recording techniques using tiny electrodes have been reported previously (2) . Briefly, the electrodes were made of flexible tungsten wire, 50yx in diameter and insulated except at the tip. The resistance between the exploring electrode and the reference electrode, 3 inches away, was between 30 and 80 kilohms. The nominal input resistance of the amplifier was greater than 150 megohms and the measured rise time (10-90%) of the entire recording system was 15 fisec.
The experimental plan was to record the extracellular potential of individual Purkinje strands close to the membrane and, occasionally, to correlate this with the intracellular potential at the same point. Although it was an easy matter to obtain extracellular wave forms even with durations as short as 0.6 msec, we experienced considerable difficulty in ensuring an adequate speed of response of the intracellular recording system, a problem originally recognized by Nastuk and Hodgkin (3) . In our case, the problem was aggravated by the large depth (6-10 mm) of fluid through which the microelectrode passed and the consequent large capacitance across the wall of the microelectrode.
One approach to this problem is to employ some form of negative capacitance amplifier, but 501 this device can cause overcompensation, particularly when trying to compensate for large fluctuating capacitances which can lead to exaggeration of the high frequency components in the recorded wave form. Since we wanted to avoid any such possibility, we chose to use a fundamentally different method which inherently neutralizes the input capacitance without the danger of overcompensation. The entire input of the recording system ( Fig. 1 ), from the tip of the microelectrode to and including the input stage of the unity-gain buffer, was surrounded by a guard driven from the low-impedance output of the buffer. The capacitance of the input stage was eliminated by a similar boot-strapping technique. 1 Thus, all input capacitances including the capacitance of the input stage and stray capacitances (except those at the extreme tip of the microelectrode) were neutralized by a unitygain system requiring no adjustments. A thin metal film of flashed-on platinum extended over the lower two-thirds of the glass microelectrode to within 3 mm of the tip. This film was insulated over its lower half up to and shortly beyond its limit near the tip ( Fig. 1A) and was connected to the buffer amplifier.
The effect of this guarded input system is shown in Figure 1A . With the shield on the microelectxode connected to the driving output of the buffer, the upstroke duration of the intracellular action potential of the Purkinje strand was approximately 0.8 msec (maximum rate of rise 510 v/sec) and the associated extracellular wave form recorded at the same point had approximately the same duration. With the microelectrode guard disconnected from the buffer, but with the input guard of the buffer still operational, the maximum rate of rise decreased to 100 v/sec and the duration of the upstroke increased markedly. To measure the rise time of the entire recording system, we adopted the following procedure ( Fig.  IB) . A fine layer of wax was melted over the surface of perfusing solution, and when the wax hardened, a second, similar, solution was poured on top, 10 mm deep. The output of a pulse generator was connected across this wax diaphragm with the tip of the microelectrode just through it as shown in Figure IB . With the microelectrode guard activated, the rise time for the case illustrated was 18 /xsec (microelectrode resistance 6 megohms). The dramatic effect of disconnecting the microelectrode guard is illustrat-iThe circuit for this buffer amplifier is available from Drs. Kootsey and Johnson. The guarded glass microelectrodes were developed in collaboration with Dr. Viola Sanvordenker and Mr. Keith Hansen, Transidyne General Corporation, Ann Arbor, Michigan.
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ed in the figure. The rise time, in all experiments, for both the intracellular and extracellular recording systems was less than 20 /zsec. The guarded glass microelectrodes were filled widi 3 M KC1 by boiling under reduced pressure. The initial resistance varied between 5 and 8 megohms (at approximately 10 na), and the tip diameter was estimated microscopically to be in the range of 0.5-1.0/i. Silver wire was used both as a reference electrode in the bath and to connect the microelectrode to the buffer amplifier which had a nominal input resistance greater than 10 12 ohms in parallel with less than 0.01 pf and a frequency response of dc to beyond 100 kHz (zero impedance source). The first derivative of the intracellular action potential was obtained electronically; the differentiator was calibrated using a sawtooth voltage input, and its output was found to be linearly related to the slope of the sawtooth from 5 to 2000 v/sec as referred to the input of the buffer amplifier.
A dissecting microscope equipped with a Nikon F-250 35-mm camera was used to photograph the position of all electrodes. At the conclusion of each experiment, iodine was perfused onto the septum and selectively stained the conduction system (4), and photographs of the stained preparation documented the geometry of tlie conducting network. The timing of the pacemaker stimulus (60/min) and operation of the oscillographic camera were controlled electronically with a Digitimei-(Devices, Inc.). Each time a photograph was taken with the oscilloscopic camera, a digital counter automatically advanced; its output appeared on three Monsanto MAN-1 numeric displays mounted adjacent to the oscilloscope screen and was photographed with i t Since as many as 800 oscilloscopic photographs were required to document a single experiment, this reduced considerably the time required to carry out an experiment.
Thirty minutes were usually required to complete the dissection, mount the preparation, and assemble the electrodes. Ventricular fibrillation occurred frequently during this interval but spontaneously ceased within 15--4O minutes. By 1 hour after the removal of the heart, all preparations followed the basic pacemaker rate with no extra beats. Several experiments were performed on each preparation, and each experiment lasted from 30 to 240 minutes. In three experiments, two extracellular electrodes were used to monitor the velocity of propagation of the Purkinje strands. It was found that over a period of 2Ji hours the velocity changed less than 3$ and the extracellular peak-to-peak voltages varied 0 ± 8%. These results are consistent with those of Hakansson for frog skeletal muscle (5) . Extracellular wove forms recorded at various positions on the left ventricular conduction system. Details are discussed in the text.
Results
The extracellular wave forms recorded with the tungsten electrode or a glass microelectrode with a 1/x tip in the same position ( Fig.  2D ) from single strands most commonly consisted of a single biphasic deflection with the magnitude of the positive peak less than that of the negative, and with an overall duration of 0.6 to 1.4 msec. In some regions of these strands the extracellular wave forms were intermediate between this form and one which was purely monophasic (positive or negative). This variation in the wave form about a functionally single strand is most likely accounted for by the nature of the propagating excitation wave, i.e., whether it is originating or terminating along the strand or two waves are approaching one another from opposite directions. Evidence for such an interpretation is presented in the following sections. Figure 2C shows an extracellular wave form obtained from a single free-running bundle which shows two separate deflections. That these two deflections arose from two separate conducting strands within the free-running bundle was demonstrated by the following experiment. In Figure 2C , record 1, the recording was made from position 1 in the photograph and the largest deflection of the two in the wave form was the first. When the electrode was moved to position 2 75/x away (which, as shown after iodine staining, was located over a second strand) the largest deflection of the two was the second. In this way we could demonstrate many multistranded bundles in the conduction system, including the His bundle. For example, in Figure 2B slower deflection from the underlying muscle. Note that the activation time of these strands differed as much as 5 msec, the largest deflection of the four being from the strand immediately beneath the electrode tip (the second and largest deflection in A was from the strand indicated by the dot).
ARTIFICIALLY PRODUCED COLLISIONS
A single free-running bundle which contained no more than one active strand was identified by exploring its surface with the extracellular electrode to ensure that the extracellular wave form comprised only one deflection. When such a strand was found, pacing electrodes were positioned at each end of the strand and two recording electrodes Simultaneous measurements of extracellular and intraceUular potentials during collision. A: The site of collision was varied as described in the text for Figure 3 . The intraceUular and extracellular electrode tips were positioned within 200/J.. These recordings were made from a strand lying on the surface of the left ventricular septum. Such strands could be impaled by the intraceUular microelectrode without causing a shift in the previously positioned tungsten electrode. Free-running strands needed to be stretched severely to prevent motion artifact in the intraceUular records due to contractions. B: Increasing ejects of collision can be seen from left to right in the simultaneously recorded extracellular curve (top) the intra-ceUular curve (middle), and the first derivative of the intraceUular curve (bottom) as the collision moved beneath the recording sites. In the left panel there is no collision. The smaU irregularity in the tail of the extracellular curve was due to activation of a nearby strand near the middle (Fig. 3A) . Frequent photographs documented that all the electrodes remained fixed throughout the following experiment. An excitation wave was initiated first from one pacing site and then the other. This established that excitation waves could CircaUtion Research, Vol. XXIX, Novtmbtr 1971 propagate in both directions from either pacing site over the entire length of the strand (Fig. 3B ). Once this was done, excitation waves were initiated at both pacemaker sites, at first simultaneously and then with progressively increasing time delay between the two, as shown in Figure 3C . In this figure the extracellular wave forms recorded by one of the electrodes (Rl) are shown. The position of this electrode was chosen so that the wave form it recorded was maximally biphasic vvhen the stimuli at both pacing sites occurred simultaneously. With the stimulus time of pacer 2 held fixed, that of pacer 1 was delayed by cumulative increments of 0.1 msec. Since the recording electrode (Rl) never moved, the change in wave form was due not to change in geometry but to the interaction of the two approaching and finally colliding excitation waves.
As the time delay between the two stimuli was increased, the first detectable change in the wave form was a small reduction in amplitude of the negative peak (at 0.4 msec). As the site of collision of the two excitation waves approached the recording electrode, the negative peak decreased further and the positive peak gradually increased (0.4-0.5 msec). At 0.6 msec, the negative deflection disappeared entirely and the positive peak continued to increase to a maximum at 0.8 msec. Thereafter, this sequence of changes reversed and the wave form gradually returned to the basic form by 1.5 msec.
These dramatic changes in the extracellular wave form associated with the collision of two excitation waves are in sharp contrast to the relatively subtle changes in the intracellular wave form, namely, a moderate increase in the maximum rate of rise (Vmax) and a decrease in the time constant of the foot of the action potential. The simultaneous recordings of intracellular and extracellular wave forms associated with the collision of two excitation waves are shown in Figure 4 .
As the site of collision of the excitation waves was made to approach the recording electrodes, Vmax of the intracellular potential increased from 450 to 600 v/sec and the Circttialion RtsiMrcb, Vol. XXIX, November 1971 amplitude of the negative peak of the extracellular potential decreased. The relationship between the two was linear (P < 0.01). Furthermore, as Vmax increased, the magnitude of the positive peak of the extracellular wave form also increased, and again, the relationship was linear (P<0.01). At the same time, the time constant of the foot of the action potential decreased, for example from 0.28 to 0.22 msec (18$) as determined by phase plane analysis (7) of the data shown in 
FIGURE S
Spatial potential distribution of colliding excitation waves. These curves were constructed from measurements obtained at lOOp. intervals over an 8-mm distance of a functionally single strand similar to that shown in Figure 3 . Each row shows the potential distribution along the strand for a single instant in time. The symbol 6 indicates the conduction velocity. See text for discussion.
msec mm FIGURE 6
Naturally occurring collision in branches of anterior division of the left bundle. Details are discussed in the text.
The collision of two approaching excitation waves was examined in the alternative experiment of holding the time delay between two pacing stimuli fixed and moving the recording site. In this experiment, one recording electrode was positioned at the site of collision (maximum amplitude of the positive monophasic deflection) to verify that the collision site remained fixed. The second recording electrode was moved up and down the strand over an 8-mm distance with the recordings made every 100^.; the data are presented in Figure 5 . The instantaneous voltage at each recording site was measured at 0.1-msec intervals relative to the time of the positive peak recorded by the first electrode at the collision site, and the voltage at each instant of time was plotted as a function of position along the strand. Some error in voltage is to be expected in this plot since the amplitude of the extracellular waves varied somewhat according to the pressure applied by the electrode. However, the measurements for each of five separate experiments were repeated at least once and all yielded similar results.
At the top of Figure 5 (0.0 msec) two excitation waves are shown approaching one another in the direction of the arrows. Notice that the wavelength of each was approximately 2 mm and that there was a slight difference in conduction velocity. The horizontal lines represent the reference zero voltage which was arbitrarily chosen from the level of the base line before the excitation wave arrived. As the leading edges of the excitation waves began to interact (0.2 msec) there were slight changes in the amplitude and width of the negative regions of the waves. Subsequently (0.4 msec) the more rapidly propagating excitation wave on the left changed more than the slower one on the right; i.e., there was a Changes in the sites of collisions produced by premature beats. The two points indicated on the strand were monitored simultaneously while a single point was paced on the His bundle. The area shown was located fust inferior to the anterior division of the left bundle. After eight basic beats, with an interstimulus interval of 1000 msec, a premature beat was inserted at 300 msec. The preparation was quite stable, and although each premature beat was different from each regular beat, there was excellent repetition of the wave forms recorded for the specific prematurity used.
further increase in the positive regions and a decrease in the negative regions. As the collision was completed (0.6 and 0.7 msec) the area of positive potentials gradually diminished together with one minimum of smaller magnitude which persisted to the very end.
At the bottom of Figure 5 the regions along the strand from which wave forms of grossly different shape were recorded are marked by the black and hatched areas. For 600/A at the center of the collision, the wave forms were uniphasically positive (black), although, of course, variable in amplitude. For 600/i on either side of this central region, the wave forms showed a reduced negative and accentuated positive peak of varying degree (hatched). Outside these areas, the wave forms were typically biph
NATURALLY OCCURRING COLLISIONS
Once we found that collisions of excitation waves could be identified by distinct changes CtrcmUlion Rtsiercb, Vol. XXIX, Novembtr 1971 in the wave form of extracellular potentials recorded close to the active membrane, an explanation could be found for the differing wave forms recorded at different sites in the conduction system. Figure 6 shows the anterior division of the left bundle with two major parallel bundles which have two cross-connecting strands. The tissue was first paced from the bundle of His while the excitation sequence of the anterior division with its interconnecting strands was mapped. Recording from the major branches yielded multiple biphasic spikes which were found to originate from separate strands within each major bundle. Recordings from an interconnecting strand (electrodes Rl and R2) revealed the sequence of changes in the extracellular wave form that were found to be characteristic of those associated with the collision of two excitation waves. The upper wave form is typical of that seen at the center of a collision while the lower wave form from a point 600/LI away was typically biphasic. Swirl configuration of distal ventricular conduction system. A: The right ventricular free wall is pictured at its function with the anterior septum following iodine exposure. The individual swirls covered areas of 2-25 mm 1 . B: The extracellular records from one of the swirls (before iodine exposure) indicate a collision at recording point 3 while the heart was paced at a single point on the His bundle. C: When the pacemaker was shifted to the lateral free wall, approximately 4 cm from the swirl being measured, the collision disappeared at the site monitored by 3 and one developed at the opposite side of the swirl at recording point 2. The excitation time difference between the strands composing the swirl and the muscle was as much as 4 msec.
When the pacing site was shifted to the upper bundle between the two interconnecting strands, wave forms over the interconnecting strands changed to those characteristic of a single propagating excitation wave, and conversely the wave forms in the lower major bundle changed to those characteristic of colliding waves. A similar switch from normal excitation to collision (and vice versa) could be made to occur at one point with a fixed pacing site by initiating a premature beat as illustrated in Figure 7 . During His bundle pacing at 60 beats/min the typical biphasic wave form was recorded at position 1. A premature beat 300 msec after the preceding basic beat resulted in a wave form typical of collision. Simultaneously, the reverse was observed at position 2.
The Purldnje system on the endocardial surface of the right ventricular free wall and on the lower left ventricular septal surface has an anatomical configuration as shown by iodine staining (Fig. 8 ). Swirls juxtaposed to other swirls with multiple interconnections within and between them form the typical geometric arrangement of Purkinje strands in the peripheral conduction system. We have made detailed extracellular measurements of 50 such swirls to determine if collisions occurred in them, and, indeed, one or more collisions were found in each.
The effect of shifting the pacemaker site distant from the swirls is also illustrated in Figure 8 . B shows three wave forms recorded from separate sites while pacing the His bundle. Note that the wave form recorded at position 3 was typical of a collision. When the pacemaker site was shifted to the lateral free wall of the right ventricle, to a position even further away from the swirl than the bundle Extracellular wave forms and excitation times from points on a swirl. This swirl did not have a complete border of distinctive interconnecting strands, since a large number of strands formed a diffuse network for the portion of the swirl located on the right side of the figure. The extracellular wave forms and the relative times of excitation (beside each wave form) are shown for a single pacing site on the His bundle. Excitation times were picked as the time of the intrinsic deflection (2) . Excitation waves of the two strands forming the upper left perimeter of the swirl were blocked by collision and did not contribute to the excitation of any other tissue. Note the wave forms typical of collision at 3.75 and 3.80 msec.
of His, wave forms shown in C showed normal propagation at 3 and a collision at 2.
At this point we think it essential to draw attention to a phenomenon which from an excitation map appears to be a collision of two excitation waves but which in fact represents a merging of two such waves. We use merging to describe the situation in which excitation waves meet one another and excitation leaves the area. Collision, on the other hand, is when two waves meet and end and no excitation leaves the area. Examples of merging and collision appeared during the mapping of excitation of swirls, five of which were examined in detail. The excitation map of Figure 10 was Circulates Reseircb, Vol. XXIX, Kovembir 1971 constructed from 110 points over the swirl (and its vicinity) in the photograph of Figure 9 .
Along the upper border of the swirl were two distinct Purkinje strands which blended into a diffuse network forming the right side of the swirl. In addition, three separate strands emerged along the lower border and spread out into the diffuse network. Note from this picture that it is not clear whether the upper and lower branches at the perimeter of the swirl connect through the detailed arborizations. The excitation times indicate that two excitation waves approached the input of the swirl to eventually merge at the branching point near electrode Rl. Although the waves
FIGURE 10
Excitation map of the swirl shown in Figure 9 . The swirl was excited by waves corning from above and below which merged at M. There was a collision cm each of the two upper strands near C. The speed of propagation of excitation waves over various parts of the swirl varied from 1.3 to 2.7 m/sec, a range similar to that found for the proximal strands of the ventricular conduction system. met at this point, the extracellular wave form remained biphasic and in no way suggested a collision. However, two wave forms characteristic of collision were observed elsewhere in the preparation and, as will be seen in the discussion, the location of such collisions can be useful in interpreting Purkinje-muscle activation.
Discussion
Perhaps the most remarkable aspect of our results was the frequency with which collisions were observed and their mutability. Collisions provide clear functional evidence that the Purkinje system does not simply arborize, but its branches must interconnect in massive fashion, a conclusion which is equally supported by our anatomical demonstration of extensive interconnecting swirls over the endocardial surface of the lower septum and the free walls of both ventricles.
Uniphasic and positive extracellular wave forms recorded near the membrane of cardiac cells can occur only in one situation-the propagating excitation wave is coming to an end. A change in wave form from biphasic to uniphasic near the end of an excised papillary muscle was recorded by Hoffman and Suckling (8). Lorente de N6 described an analogous change from triphasic to biphasic extracellular wave forms near the end of a nerve fiber (9) . In our results the propagating excitation waves ended because of collision; to suggest a cause for these changes in extracellular wave form from biphasic to uniphasic other than that of collision would be to cavil, namely, to suggest that an end to the strand could appear and disappear at the recording site.
Although detectable changes are observed in the intracellular action potential associated with a collision, these changes are not uniquely attributable to a collision. This illustrates the superiority of looking at extracellular as opposed to intracellular wave forms for information concerning the spatial variation in transmembrane potential. Because collisions are both common and mutable, experiments based on a detailed analysis of the upstroke of the transmembrane action potentials (10) should include some means of determining that collisions do not occur at the recording site, e.g., one extracellular electrode to serve as a monitor. Otherwise, measurements of parameters such as the maximum rate of rise or the time constant of the foot of the action potential may be in error by 20-30$.
Our demonstration of collisions in the Purkinje swirls shows that without detailed mapping of their excitation, any correlation between the upstroke of a peripheral Purkinje action potential and that from nearby muscle may be fortuitous. Excitation may not proceed directly from a given site on the swirl to the nearby muscle but may take a more circuitous route. Also, a collision may block the route Circulation Reteorcb, Vol. XXIX, Novrmbtr 1971
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between the site on the swirl and the nearby muscle ( Fig. 9 ) with the result that the muscle is excited via a completely different pathway. Mendez et al. (11) observed that the timing relationship between Purkinje fiber and nearby muscle excitation "lack strict meaning," possibly because the Purldnje and muscle cells were not a part of the same Purkinje-muscle unit. Extracellular measurements provide a means for resolving such questions, and the geometry of the swirl and the varying location of collisions provide a ready explanation for their observation. Anderson et al. (12) conjectured that collisions might occur and affect conduction during premature beats. Our observation of the change of collision sites accompanying premature beats (with no change in the site of the pacemaker) indicates a myriad of possible conduction pathways originating from a single focus. Thus, even though the pacemaker site does not shift, ischemia, changes in extracellular potassium concentration, or any other regional change that affects conduction velocity will change the conduction pattern in the Purkinje system and the sites of collision.
